Background: HIV-1 Tat engages ␣ v ␤ 3 , leading to endothelial cell (EC) proangiogenic activation. Results: Sialic acid (NeuAc)-binding lectins and neuraminidase partially inhibit Tat/␣ v ␤ 3 interaction and consequent EC proangiogenic activation. Conclusion: Endothelial ␣ v ␤ 3 -associated NeuAc is involved in Tat interaction and consequent EC proangiogenic activation. Significance: Integrin-associated NeuAc can be considered a target for the development of new treatments for angiogenesis/ AIDS-associated pathologies.
Polyanionic macromolecules are extremely abundant in the extracellular environment, readily accessible to many proteins for interactions implicated in various biological functions. Among polyanions, sialic acid (NeuAc)-bearing gangliosides and glycoproteins are widely distributed in biological fluids, extracellular matrix, and cell membrane, where they act as receptors for various physiological ligands and for many human viruses, bacteria, and protozoa (1) (2) (3) .
The term NeuAc encompasses a large family of sugars characterized by a nine-carbon sugar acid common in higher animals and some microorganisms (4) . NeuAc is found mainly as a terminal component of glycoprotein and gangliosides, where it regulates various molecular and cellular interactions (5) .
NeuAc is the major surface anion on the endothelial cell (EC) 2 surface. Accordingly, the lectin from Maackia amurensis (MAA), which specifically binds NeuAc residues attached to galactose through an ␣(233) linkage, binds to ECs of retina, brain, and myocardium (6) . NeuAc expression on ECs is regulated during ontogenesis, inflammation (7) (8) (9) , and possibly neovascularization, as suggested by the observation that the binding of the NeuAc-binding lectin from Limax flavus to ECs increases during angiogenesis in the chick embryo chorioallantoic membrane (8) .
NeuAc is involved in different physiological and pathological functions of the endothelium; in its ganglioside-or glycoprotein-associated form, it mediates EC infection by different microorganisms (10) and the transport of HIV-1 or of its proteins across the blood-brain barrier (11, 12) . In its gangliosideassociated form, NeuAc takes part in the regulation of neovascularization (13) (14) (15) . When associated with integrin subunits (including ␣ E (16), ␣ 2 , (17), ␣ 3 (18) , ␣ 4 (19) , ␣ 5 and ␣ v (20) , ␤ 1 (17, 18, 20) , ␤ 2 (21) , and ␤ 4 (16, 20) ), NeuAc contributes to leukocyte and tumor cell extravasation during inflammation and metastasization, respectively.
Integrins are widely distributed receptors that interact with extracellular matrix components, growth factors, and microbial proteins regulating adhesion, migration, and proliferation of various normal and transformed cell types (22) . Among the various integrins, ␣ v ␤ 3 expressed on the surface of ECs plays a central role in neovascularization (23) . Interestingly, NeuAc has been found associated with ␣ v ␤ 3 integrin from melanoma metastatic cell surface (18) , but no data are available for ␣ v ␤ 3 from ECs.
HIV-1 Tat is a cationic protein that, once released by HIV-1-infected cells (24) , targets ECs, causing a variety of pathological effects that, in turn, lead to different angiogenesis-related AIDS-associated diseases such as Kaposi sarcoma and ocular microangiopathies. Extracellular Tat accumulates in the extracellular matrix where, by binding to endothelial ␣ v ␤ 3 , it promotes EC adhesion and proangiogenic activation (25) (26) (27) . Tat/ ␣ v ␤ 3 interaction occurs both via the RGD motif and the basic domain (RKKRRQRRR) of Tat (25) . On the basis of what is described above, in this study, we decided to evaluate the presence of NeuAc on integrin ␣ v ␤ 3 expressed at the EC surface and to investigate its role in Tat engagement and consequent biological activities.
EXPERIMENTAL PROCEDURES
Chemicals-Synthetic 86-amino acid Tat was from Xeptagen (Venezia, Italy). The recombinant wild type 86-amino acid form of HIV-1 Tat and its mutants Tat 1e (characterized by the deletion of the amino acid sequence that contains the RGD sequence) and Tat R3 A (in which the arginine residues 49, 52, 53, 55, 56, and 57 within the basic domain were mutated to alanine residues) were purified from Escherichia coli as glutathione S-transferase (GST) fusion proteins (28) . GST moiety does not interfere with Tat molecular interactions and biological activities (25) . Anti-vascular endothelial growth factor receptor-2 (VEGFR2) antibody was gifted by Prof. H. A. Weich, National Research Centre for Biotechnology, Braunschweig, Germany. The heptapeptides GRGDSPK and GRADSPK were from Neosystems Laboratoires, Strasbourg, France, K5NOSH was from Glycores 2000, Milan, Italy, specific ␣ v ␤ 3 antagonist SCH221153 and its inactive analog SCH21668 (27) were from Schering-Plough (Kenilworth, NJ), anti-phospho-FAK antibody was from Santa Cruz Biotechnology (Santa Cruz, CA), anti-phospho-ERK1/2 antibody and anti-phospho-VEGFR2 antibody were from Cell Signaling Technology (Danvers, MA), biotinylated MAA was from Vector Laboratories (Burlingame, CA), streptavidin-Sepharose, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, and N-hydroxy-succinimide were from GE Healthcare, anti-paxillin antibody was from Upstate Biotech Millipore (Lake Placid, NY), purified human ␣ v ␤ 3 integrin, anti-␣ v ␤ 3 LM 609, anti-fascin, anti-␣ v and anti-␤ 3 antibodies were from Chemicon, Millipore (Billerica, MA), glucosyl ceramide synthase inhibitor D-threo-1-phenyl-2-decanoyl-amino-3-morpholino-1-propanol (PDMP) and
propanol-HCl (PPPP) were from Matreya, LLC (Pleasant Gap, PA), anti-␣-tubulin antibody, TRITC-phalloidin, FITC-conjugated anti-mouse IgG, neuraminidase from Clostridium perfringens, MAA, lectin from Ulex europaeus (UEA), poly-L-lysine, fibrinogen, fibronectin (FN), phorbol myristate acetate, 4-6-diamidino-2-phenylindole (DAPI), phenylmethylsulfonyl fluoride (PMSF), amino-n-caproic acid, leupeptin, Na 3 VO 4 , and NaF were from Sigma.
Surface Plasmon Resonance (SPR) Analysis-A BIAcore X instrument (GE Healthcare) was used. Two different immobilizations were used to study the Tat/␣ v ␤ 3 interaction. (i) As described previously (25) , synthetic Tat (40 g/ml) was allowed to react with a CM5 sensor chip activated with 50 l of a mixture of 0.2 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride and 0.5 M N-hydroxy-succinimide, leading to the immobilization of 6,470 resonance units (0.35 pmol/mm 2 ) of protein. Similar results were obtained for the immobilization of bovine serum albumin (BSA), used as a negative control and for blank subtraction. Increasing concentrations of integrin ␣ v ␤ 3 in 10 mM Tris, pH 7.8, containing 10 nM Mn 2ϩ were injected over the Tat or BSA surfaces in the absence or in the presence of MAA (250 nM) for 4 min and then washed until dissociation. In parallel experiments, increasing concentrations of integrin ␣ v ␤ 3 in 10 mM Tris, pH 7.8, containing 10 nM Mn 2ϩ were incubated for 1 h with neuraminidase (500 milliunits/ml) before injection. Samples containing ␣ v ␤ 3 to which neuraminidase was added only before injection were used as controls, demonstrating that the presence of the enzyme does not interfere significantly with Tat/␣ v ␤ 3 interaction. After every run, the sensor chip was regenerated by injection of 2.0 M NaCl in 10 mM HEPES, 3 mM EDTA, 150 mM NaCl, 0.005% surfactant P20. The dissociation constant (K d ) of the Tat/␣ v ␤ 3 interaction was calculated by the Scatchard plot analysis of the steady-state SPR data. (ii) Anti-GST antibody was immobilized on a CM5 surface using standard amine-coupling chemistry allowing the immobilization of 25,000 resonance units, equal to 0.98 pmol. Then, wild type GST-Tat, GST-Tat 1e, and GST-Tat R3 A (120 g/ml in Tris 10 mM pH 7.8 containing 10 nM Mn 2ϩ ) were injected over the anti-GST surface at a flow rate of 10 l/min, allowing the immobilization of about 800 resonance units (equal to about 0.023 pmol) for wild type GST-Tat and GSTTat R3 A, and 1,300 resonance units (equal to 0.037 pmol) for GST-Tat 1e and for the GST moiety alone, used for blank subtraction.
Cell Culture-Transformed fetal bovine aortic endothelial GM7373 cells (obtained from the Human Genetic Mutant Cell Repository, Institute for Medical Research, Camden, NJ) (29), were grown in Dulbecco's modified minimum essential medium (DMEM), 10% fetal calf serum (FCS), and antibiotics (Invitrogen, Paisley, UK). Removal of NeuAc from the cell surface was obtained by a 1-h incubation at 37°C of cells with phosphate-buffered saline (PBS) containing neuraminidase from C. perfringens (from 125 to 500 milliunits/ml) and used for the various assays described below.
Detection of NeuAc on Integrin ␣ v ␤ 3 -GM7373 ECs (1 ϫ 10 6 cells/sample) were treated with neuraminidase (from 125 to 500 milliunits/ml), washed, scraped in 50 l of 50 mM Tris-HCl, pH 7.4, containing 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM PMSF, 4 mM amino-n-caproic acid, 10 g/ml leupeptin, 1 mM Na 3 VO 4 , 50 mM NaF (radioimmunoprecipitation modified lysis buffer) and centrifuged (10 min at 12,000 rpm). Cell extracts (30-g aliquots) were analyzed on nonreducing SDS-6% PAGE followed by Western blot (WB) with anti-␣ v or anti-␤ 3 antibodies. Human purified ␣ v ␤ 3 (100 ng) was incubated for 1 h at 37°C with neuraminidase (125 milliunits/ml in PBS) and used as control. For immunoprecipitation analysis, GM7373 EC cultures were lysed in radioimmunoprecipitation modified lysis buffer and centrifuged (10 min at 12,000 rpm). Cell extracts (400 g) were incubated for 1 h at 25°C with biotinylated MAA (1 g/sample) and for an additional 16 h at 4°C with streptavidinSepharose (30 l/sample), centrifuged (1 min at 3,000 rpm), and analyzed on nonreducing SDS-6% PAGE followed by WB with anti-␣ v or anti-␤ 3 antibodies. Human purified ␣ v ␤ 3 integrin (250 ng) incubated with biotinylated MAA was used as control.
Cell Adhesion Assay-Adhesion assay was performed with GM7373 ECs on polystyrene nontissue culture microtiter plates coated with Tat, with the ␣ 5 ␤ 1 -ligand FN, or with the ␣ v ␤ 3 ligand fibrinogen as described (30) .
Immunocytochemistry-GM7373 ECs (40,000/cm 2 ) were allowed to adhere to glass coverslips coated with Tat or FN for 4 h in DMEM containing 1% FCS. Cells were then treated with neuraminidase (125 milliunits/ml), washed, fixed, permeabilized, saturated (27) , stained for actin by a 30-min incubation at room temperature with 0.9 g/ml TRITC-phalloidin in PBS containing 3% BSA (PBS/BSA), co-stained for paxillin by a 1-h incubation at room temperature with anti-paxillin antibody (1:800 in PBS/BSA), further incubated for 45 min at room temperature with FITC-conjugated anti-mouse IgG (1:200 in PBS/BSA), and photographed under an Axioplan 2 microscope equipped for epifluorescence (Carl Zeiss, Gottingen, Germany).
FAK, ERK1/2, and VEGFR2 Phosphorylation Analysis-Confluent GM7373 EC cultures were maintained in serum-free DMEM for 16 h, detached, and resuspended in DMEM 1% FCS. Aliquots of 1,000,000 cells were treated with neuraminidase (125 milliunits/ml), maintained in suspension, or allowed to adhere for 30 min to Tat-or FN-coated 35-mm nontissue culture plates. Alternatively, cells preincubated for 60 min with the lectins were allowed to adhere to Tat-or FN-coated 35-mm nontissue culture plates for a further 30 min. At the end of the incubations, cells were lysed in radioimmunoprecipitation modified lysis buffer and centrifuged (10 min at 13,000 rpm). Twenty g of protein/sample were analyzed on reducing 8% SDS-PAGE followed by WB with anti-phospho-FAK, antiphospho-ERK1/2, or anti-phospho-VEGFR2 antibodies. Equal loading of the different lanes was confirmed by WB with anti-␣-tubulin antibody. The extent of FAK, ERK1/2, or VEGFR2 phosphorylation was quantified by using the Image Pro-Plus analysis system (Media Cybernetics, Silver Spring, MD). Briefly, the autoradiographies for phosphorylated second messengers or tubulin were digitized on a high resolution monitor and stored within the memory of the Pro-Plus analysis system. The integrated densities of the bands were then calculated, and the values of those corresponding to phosphorylated second messengers were normalized to tubulin levels.
EC Proliferation Assay-GM7373 ECs (25,000/well) were seeded onto Tat-or FN-coated polystyrene nontissue culture microtiter plates and incubated for 4 h in DMEM 1% FCS. Then, cells were treated with neuraminidase (125 milliunits/ ml) and further incubated for 24 or 48 h in DMEM, 0.4% FCS containing 5-bromo-2-deoxyuridine in the presence of MAA or UEA (62 nM). Incorporation of 5-bromo-2-deoxyuridine was detected with the colorimetric cell proliferation ELISA kit (Roche Applied Science, Mannheim, Germany).
EC Membrane Ruffling and Wound-healing Assays-Confluent cultures of GM7373 ECs were allowed to adhere to Tat-or FN-coated 35-mm polystyrene nontissue culture plates, treated with neuraminidase (125 milliunits/ml), wounded with a rubber policeman, and incubated with DMEM, 0.4% FCS for 3 or 48 h for membrane ruffling and wound-healing assay, respectively. Alternatively, neuraminidase-untreated ECs were incubated as described above in the presence of MAA or UEA (62 nM). For membrane ruffling assay, at the end of the 3-h incubation, ECs were stained for nuclei (DAPI), immunostained for fascin (by a 1-h incubation with anti-fascin antibody followed by a further 45-min incubation with TRITC-conjugated antimouse IgG antibody), and photographed under an Axioplan 2 microscope equipped for epifluorescence (Carl Zeiss). Then, the number of ruffling-positive cells was counted. For the wound-healing assay, at the end of the 48-h incubation, wounded monolayers were photographed under the inverted microscope. The extent of wound repair (due to both EC migration and proliferation (31)) was evaluated by measuring the area of the wound by computerized image analysis using the Image Pro-Plus analysis system (Media Cybernetics).
MTS Assay-Tat-adherent GM7373 ECs were treated with neuraminidase or lectins as described above and then incubated for 24 or 48 h in DMEM, 0.4% FCS. Then, cell viability was assessed by using the CellTiter 96 AQ ueous kit from Promega (Madison, WI).
Human Artery Ring Sprouting Assay-This assay was performed as already described (32) . Briefly, 1-mm-thick human umbilical artery rings were embedded in fibrin gel and cultured in human EC serum-free medium (Invitrogen) in the absence or in the presence of Tat (5 nM) and the lectins MAA or UEA (62 nM). After 6 days, rings were photographed at 100ϫ magnification using an AxioVert 200M microscope equipped with a 20ϫ objective (LD A PLAN 20ϫ/0.30PH1, Zeiss), and EC sprouts were counted.
RESULTS

NeuAc Is Associated with Endothelial
Integrin-To evaluate the presence of NeuAc on glycan(s) linked to ␣ v ␤ 3 of the endothelial surface, ECs were lysed, immunoprecipitated with the NeuAc-binding lectin MAA, and blotted with anti-␣ v or anti-␤ 3 antibodies. As shown in Fig. 1A , MAA binds to both ␣ v and ␤ 3 subunits, similarly to the ␣ v subunit from human placenta integrin. In a second set of experiments, ECs were treated with neuraminidase (500 milliunits/ml), lysed, and analyzed by WB with anti-␣ v or anti-␤ 3 antibodies. Neuraminidase treatment causes a decrease of the molecular mass of both ␣ v (from 134 to 126 kDa) and ␤ 3 (from 70 to 67 kDa). Similar results were obtained with ␣ v ␤ 3 purified from human placenta (Fig. 1B) . The Endothelial ␣ v ␤ 3 Sialic Acid and HIV-1 Tat effect of neuraminidase is dose-dependent, with a partial removal of NeuAc residues obtained for concentrations of the enzyme lower than 500 milliunits/ml (Fig. 1C) . After its enzymatic removal, NeuAc is fully re-exposed on endothelial ␣ v ␤ 3 only after 48 h (Fig. 1D) .
NeuAc Is Involved in (25) . The contribution of the RGD motif and of the basic domain to ␣ v ␤ 3 binding and cell-adhesive capacity was here characterized by two experimental approaches. First, the mutants GST-Tat 1e (in which the RGD sequence has been deleted) and GST-Tat R3 A (in which the arginine residues of the basic domain have been substituted with alanine residues) were evaluated for their ␣ v ␤ 3 binding capacity in SPR. As shown in Fig. 2A and Table 1 , the two mutants retain the capacity to bind to ␣ v ␤ 3 , although decreased in respect to wild type GST-Tat. Second, a cell adhesion assay was performed in the presence of the peptide GRGDSPK (which competes with the RGD motif of Tat for the binding to ␣ v ␤ 3 ) or in the presence of the K5 derivative K5NOSH (which inhibits EC adhesion to Tat (33) by binding to the basic domain of the transactivating factor). As shown in Fig. 2B , when assayed at the doses of 12 M (GRGDSPK) and 75 nM (K5NOSH), the two compounds slightly inhibit EC adhesion to Tat, but when assayed together, FIGURE 1. Detection of NeuAc on integrin ␣ v ␤ 3 . A, GM7373 ECs or purified human integrin ␣ v ␤ 3 were immunoprecipitated with biotinylated MAA and analyzed in WB with anti-␣ v or anti-␤ 3 antibodies. B and C, alternatively, they were incubated with 500 milliunits/ml (mU/ml) (B) or with the indicated concentrations (C) of neuraminidase, lysed, and analyzed in WB with anti-␣ v or anti-␤ 3 antibodies. D, GM7373 ECs were treated with neuraminidase (neu., 500 milliunits/ml), washed, further incubated for the indicated periods of time in the absence of the enzyme (rescue), lysed, and analyzed in WB with anti-␣ v antibodies. In panels A, B, and D, the data shown are representative of 2-3 other experiments that gave similar results. In C, data are expressed as the percentage of the molecular mass of the ␣ v subunit from neuraminidasetreated ECs with respect to the intact protein from untreated ECs. The sensorgrams generated by injecting MAA (250 nM) or neuraminidase (500 milliunits/ml) on the Tat surface are also shown. D, saturation curves obtained using the values of resonance units (RU) bound at equilibrium from injection of increasing concentrations of native or neuraminidase-treated ␣ v ␤ 3 onto immobilized synthetic Tat in the absence or in the presence of MAA (250 nM). E, ␣ v ␤ 3 (50 nM) was injected onto the sensor chip containing the indicated GST-Tat proteins in the absence or in the presence of MAA (250 nM). In A and C, the sensorgrams shown are representative of three others that gave similar results. In D, each point is the mean Ϯ S.E. of 3 independent injections. In B and E, each point is the mean Ϯ S.E. of 3 independent experiments in duplicate and is expressed as the percentage of ECs adherent to Tat in the absence of any inhibitor or of ␣ v ␤ 3 bound to the sensor chip at the equilibrium in the absence of MAA, respectively (* ϭ p Ͻ 0.05, Student's t test).
they completely inhibit the same process. Taken together, these data indicate that both the RGD and the basic domain of Tat contribute to its cell-adhesive capacity, the presence of one of the two domains being enough to ensure a partial ␣ v ␤ 3 binding and cell-adhesive capacity to Tat.
Besides ␣ v ␤ 3 , the basic domain also mediates the binding of Tat to the polyanionic heparin/heparan sulfate (28), the two interactions occurring with similar affinities (Table 1 ). These observations suggest that the basic domain of Tat, besides interacting with the negatively charged sulfated groups of heparin, may as well make contact with the negatively charged NeuAc residues of ␣ v ␤ 3 . To evaluate this possibility, two different experimental approaches were exploited. (i) We first evaluated the effect of neuraminidase and MAA on ␣ v ␤ 3 /Tat interaction. Preliminary SPR analyses demonstrated that neuraminidase treatment of the integrin, as well as the presence of MAA, significantly inhibits its interaction with Tat. It is important to note that MAA and neuraminidase do not bind directly to Tat (Fig. 2C) . In a second set of experiments, increasing concentrations of native or neuraminidase-treated ␣ v ␤ 3 were injected onto the Tat surface in the absence or in the presence of MAA. Then, the values of steady-state SPR data were used to generate the saturation curves shown in Fig. 2D . Scatchard plot analysis demonstrated that neuraminidase treatment, as well as MAA, decreases the affinity of the ␣ v ␤ 3 / Tat interaction (Table 1) . Interestingly, the reduction of the affinity observed for ␣ v ␤ 3 /Tat interaction in the absence or in the presence of MAA (2.48 times) is in the same order of magnitude as the difference of the affinity measured for the interaction of ␣ v ␤ 3 with wild type GST-Tat or with GST-Tat R3 A (2.53 times) ( Table 1 ), suggesting that MAA hampers the interaction of NeuAc residues of ␣ v ␤ 3 to the basic domain of Tat.
(ii) The two Tat mutants GST-Tat 1e and GST-Tat R3 A where evaluated for their capacity to induce EC adhesion in the presence of MAA. Similarly to what was observed with synthetic Tat, at 250 nM, MAA partially inhibits the binding of ␣ v ␤ 3 to wild type GST-Tat (Fig. 2E) . At the same concentration, MAA exerts a weak inhibition on ␣ v ␤ 3 /GST-Tat R3 A interaction (possibly because this occurs only via the RGD sequence), whereas it efficiently inhibits ␣ v ␤ 3 /GST-Tat 1e interaction (possibly because this can occur only via the basic domain) (Fig.  2E) . Taken together, these data indicate that at low concentrations, MAA binds to NeuAc residues of ␣ v ␤ 3 , inhibiting the interaction of the integrin with the basic domain of Tat but leaving unaffected that with the RGD motif.
NeuAc Mediates ␣ v ␤ 3 -dependent EC Adhesion to Substrateimmobilized Tat-Substrate-immobilized Tat induces EC adhesion in an ␣ v ␤ 3 -dependent manner (25) . Accordingly, by using specific anti-␣ v ␤ 3 or anti-VEGFR2 antibodies, here we confirmed that EC adhesion to Tat specifically depends on the integrin but not on VEGFR2 (Fig. 3A) . Also, our unpublished experiments with silencing RNAs directed against enzymes of the biosynthetic pathway of heparan sulfate demonstrated that these receptors are not involved in EC adhesion to Tat (data not shown). A, GM7373 ECs were treated with the indicated concentrations of neuraminidase and subjected to cell adhesion assay on Tat or FN. Alternatively, cells were subjected to adhesion assay in the presence of anti-VEGFR2 antibody (400 g/ml, white arrow) or with anti-␣ v ␤ 3 antibody (100 g/ml, black arrow). B, GM7373 ECs were allowed to adhere to Tat or FN, incubated for 1 h with increasing concentrations of neuraminidase, and then further incubated in the absence of the enzyme for 24 h. C, GM7373 ECs were treated with PDMP (10 M for 72 h), PPPP (1 M for 48 h), or vehicle (ctrl) and subjected to cell adhesion assay on wells without coating (Ϫ) or coated with Tat or fibrinogen (FG). At the end of the incubations, adherent cells were counted. D, GM7373 ECs were treated with neuraminidase, allowed to adhere to Tat or FN, co-stained for nuclei (blue), paxillin (green), and actin (red), and photographed (630ϫ). E, GM7373 ECs were incubated for 2 h at 37°C with increasing concentrations of MAA (circles) or UEA (triangles) and then allowed to adhere to Tat (black symbols) or FN (white symbols). F, GM7373 ECs were incubated for 2 h at 37°C with increasing concentrations of MAA and allowed to adhere onto the indicated GST-Tat proteins. In panels A-C, E, and F, each point is the mean Ϯ S.E. of 3-4 independent experiments in duplicate (* ϭ p Ͻ 0.05, ** ϭ p Ͻ 0.01, with respect to untreated controls, Student's t test).
The removal of NeuAc from the EC surface by neuraminidase prevents EC adhesion to Tat, only slightly affecting that to the ␣ 5 ␤ 1 -ligand FN, here used as a control (Fig. 3A) . Neuraminidase also causes the detachment of ECs already adhered to Tat over a 24-h period of incubation (Fig. 3B) , without causing significant cell death (as assessed by MTS assay, data not shown).
Besides integrins, NeuAc is also associated with gangliosides. To evaluate the possible involvement of these structures in EC adhesion to Tat, the cells were treated with PDMP or PPPP (which prevent ganglioside biosynthesis without affecting intracellular levels of ceramide (34)) and then evaluated for their capacity to adhere to Tat. When used at doses that effectively hamper the expression of NeuAc-bearing gangliosides (34), PDMP and PPPP do not affect ECs adhesion to Tat or to fibrinogen (another ␣ v ␤ 3 ligand here used as a control, Fig. 3C ). These results rule out the possibility that ganglioside-associated NeuAc is responsible for the observed EC adhesion to Tat.
EC adhesion to Tat induces cytoskeleton organization with the assembly of actin stress fibers and focal adhesion plaques containing integrins and paxillin (35) . We then evaluated the involvement of NeuAc in cytoskeleton organization of Tat-adherent ECs. When tested at concentrations that do not hamper EC adhesion (125 milliunits/ml), neuraminidase prevents the proper organization of actin stress fibers and paxillin-containing focal adhesion plaques. The effect is specific because neuraminidase did not alter focal adhesion plaque formation in FN-adherent ECs (Fig. 3D) .
In a second set of experiments, we also evaluated whether MAA affects ␣ v ␤ 3 -dependent EC adhesion to Tat. As shown in Fig. 3E , MAA inhibits EC adhesion to Tat in a dose-dependent way. The inhibition is specific because MAA does not affect EC adhesion to FN and UEA (a lectin that specifically binds to ␣-linked fucose) does not affect EC adhesion to Tat. In agreement with the results of the SPR analyses, MAA inhibits EC adhesion to GST-Tat 1e with a potency (ID 50 Ͻ 125 nM) that is higher than those with which it inhibits EC adhesion to GSTTat R3 A and to wild type GST-Tat (ID 50 ϭ 198 and 182, respectively) (Fig. 3F) .
NeuAc Is Required for Signal Transduction Triggered by Tat/ ␣ v ␤ 3 Interaction in ECs-We evaluated the role of NeuAc in
Tat/␣ v ␤ 3 -dependent phosphorylation of FAK, a second messenger involved in Tat/␣ v ␤ 3 -dependent EC cytoskeleton organization and proangiogenic activation (25, 36) . Preliminary experiment confirmed that FAK undergoes phosphorylation in ECs adherent to Tat but not in ECs maintained in suspension or adherent to poly-L-lysine (an integrin-independent adhesive molecule). When used at 125 milliunits/ml (a dose that prevents cytoskeleton organization without hampering EC adhesion to Tat; Fig. 3 ), neuraminidase inhibits FAK phosphorylation in Tat-adherent ECs (Fig. 4A) . Accordingly, at 62 nM, MAA, but not UEA, prevents FAK phosphorylation (Fig. 4B) . It is relevant to note that at 62 nM, MAA does not hamper EC adhesion to Tat (Fig. 3E) . Besides FAK, EC adhesion to Tat induces the activation of ERK1/2, another second messenger involved in Tat-dependent EC proangiogenic activation (37) . Neuraminidase pretreatment (Fig. 4C) and MAA, but not UEA (Fig. 4D) , prevent ERK1/2 phosphorylation in Tat-adherent EC.
In the same experimental conditions, ERK1/2 phosphorylation is inhibited by the specific ␣ v ␤ 3 antagonist SCH221153 but not by its inactive analog SCH21668, indicating that ERK1/2 activation is dependent, at least in part, on ␣ v ␤ 3 . Also, MAA does not affect ERK1/2 phosphorylation induced by phorbol myristate acetate in EC adherent to tissue culture plastic (Fig.  4E) , suggesting that the specificity of the inhibitory effect exerted by MAA is likely due to its interaction with ␣ v ␤ 3 , which prevents the binding of the integrin to Tat (Fig. 2) .
Besides integrin ␣ v ␤ 3 , the proangiogenic activity of Tat is also mediated by VEGFR2 activation (38) . Interestingly, this receptor bears NeuAc residues (39) . On these bases, we evaluated the effect of the removal of NeuAc residues of VEGFR2 on its phosphorylation driven by Tat. As shown in Fig. 4F , neuraminidase effectively removes NeuAc from VEGFR2, as assessed by the decrease of the molecular mass of the band corresponding to the receptor. However, neuraminidase treatment does not hamper VEGFR2 phosphorylation in response to Tat, which is instead even increased (Fig. 4F) .
EC NeuAc Is Involved in ␣ v ␤ 3 -dependent Proangiogenic Activity of Tat-EC adhesion, proliferation, and migration represent essential steps of neovascularization (40) . Accordingly, ECs adherent to substrate-immobilized Tat are induced to migrate and proliferate in an ␣ v ␤ 3 -dependent way (27) . Preliminary experiments confirmed that Tat-adherent ECs proliferate more efficiently than those adherent to FN both at 24 h and at 48 h (Fig. 5A) . Pretreatment with neuraminidase (125 milliunits/ml) inhibits the proliferation of Tat-adherent cells in a specific way because it leaves unaffected the basal proliferation of FN-adherent ECs or of ECs adherent on tissue culture plates (data not shown). Besides neuraminidase, MAA (62 nM), but not UEA (assayed at both 62 nM and 100 nM), inhibits the proliferation of Tat-adherent ECs (Fig. 5A) .
Cell membrane ruffling, which precedes the migration of EC body, is considered a morphological phenotype of motile cells (41) and has been already exploited to characterize the migration of Tat-adherent ECs (27) . As shown in Fig. 5D , when adherent to Tat or to FN, ECs rapidly form membrane ruffles at the edge of a wounded monolayer. Pretreatment with neuraminidase (125 milliunits/ml) inhibits membrane ruffling in Tat-adherent ECs and, to a lesser extent, in FN-adherent ECs (Fig. 5B) . Accordingly, MAA (62 nM), but not UEA, inhibits membrane ruffling only in Tat-but not FN-adherent ECs (Fig.  5C) .
The ability of a substrate-immobilized protein to stimulate proliferation and motility in adherent ECs leads to an increased capacity of a mechanically wounded EC monolayer to cover the denuded area, a biological activity referred to as "motogenic activity" that has been used as a surrogate marker of angiogenesis (31) . Substrate-immobilized Tat induces motogenesis of adherent ECs in an ␣ v ␤ 3 -dependent way (25) .
When allowed to adhere to Tat, treated with neuraminidase (250 milliunits/ml), and wounded, ECs show a decreased motogenic activity. The effect is specific because, in the same experimental conditions, neuraminidase does not affect the motogenic activity of FN-adherent ECs (Fig. 6A) . In this regard, it is important to recall that when added after EC adhesion has occurred, neuraminidase at 250 nM does not cause the detachment of Tat-adherent ECs (Fig. 3B ) nor affect their viability over a 48-h period of time (data not shown). MAA (62 nM) inhibits the motogenic activity of Tat. The effect is specific because MAA does not affect viability of Tat-adherent ECs (data not shown) nor the motogenic activity of FN-adherent ECs (Fig. 6, B and C) . Also, UEA is ineffective on Tat-adherent ECs (Fig. 6, B and C) .
Tat induces neovascularization via ␣ v ␤ 3 (27) . We then decided to evaluate the involvement of NeuAc in Tat proangio- genic activity by exploiting the human artery ring sprouting assay, an ex vivo model used to characterize the pro-or antiangiogenic properties of various angiogenic growth factors and inhibitors (32) . As shown in Fig. 7 , Tat effectively induces an increase of the number of EC sprouts that generate from a human artery ring, and this activity can be inhibited by MAA, but not by UEA.
DISCUSSION
␣ v ␤ 3 mediates EC adhesion and proangiogenic activation by binding cationic angiogenic growth factors including FGF2 and HIV-1 Tat (27, 30) . On the other hand, NeuAc has so far been identified on ␣ v ␤ 3 of melanoma metastatic cell surface, where it regulates cell adhesion (18, 20) . We thus decided to investigate whether NeuAc is also associated with ␣ v ␤ 3 integrin of ECs and whether it is involved in ␣ v ␤ 3 /Tat interaction and in the consequent proangiogenic activation of ECs. These possibilities were investigated by two complementary approaches, consisting of the use of neuraminidase from C. perfringens (an enzyme that removes NeuAc from the cell surface) and of MAA (a lectin that specifically binds NeuAc residues).
In ECs, the removal of ␣ v ␤ 3 -associated NeuAc by neuraminidase is rapid and efficient, occurring in less than 2 h. The biochemical features of bacterial neuraminidase surely contribute to this (43) , but so does the rapid recycling of integrins that are classically internalized to the early endosomes to be immediately returned to the plasma membrane (44, 45) . In this way, endogenous ␣ v ␤ 3 remains continuously exposed at the cell surface, accessible to exogenous neuraminidase.
Fully sialylated ␣ v ␤ 3 integrins are re-exposed on ECs only 48 h after neuraminidase treatment. The long-lasting nature of ␣ v ␤ 3 desialylation is likely due to the fact that after de novo synthesis, integrins must undergo sialylation by sialyltransferases in the Golgi apparatus (46) . Whatever its cause, the long-lasting desialylation of ␣ v ␤ 3 by neuraminidase is in agreement with the capacity of the enzyme to inhibit processes, such as EC proliferation and motogenesis, that occur over 24 -48-h periods.
MAA immunoprecipitates both ␣ v and ␤ 3 subunits from ECs, indicating the presence of ␣(233)-linked NeuAc on the two chains. We also obtained similar results with the lectin from Sambucus nigra that binds instead to ␣(236)-linked NeuAc (data not shown). Accordingly, neuraminidase from C. perfringens, which hydrolyzes both ␣((233)-linked and ␣((236)-linked NeuAc, causes a decrease of the molecular mass of both ␣ v subunit (Ϫ7 kDa, corresponding to about 25 NeuAc residues) and ␤ 3 subunit (Ϫ3 kDa, corresponding to about 10 NeuAc residues). These data are in agreement with the observations that ␣ v and ␤ 3 subunits possess 13 and 6 putative N-glycosylation sites, respectively, with biantennary structures (UniProt accession number P05106) (18) .
Neuraminidase cleaves ␣(233)-linked NeuAc residues faster than ␣((236) linkages (47) . Accordingly, neuraminidase operates a complete removal of ␣ v ␤ 3 -associated NeuAc only when used at high concentration (Ͼ250 milliunits/ml), whereas when used at suboptimal concentrations (125 milliunits/ml), desialylation of ␣ v ␤ 3 remains incomplete. Interestingly, when used at higher concentrations, neuraminidase directly prevents (and even disrupts) ␣ v ␤ 3 -dependent EC adhesion to Tat (Fig. 3,  A and B) , whereas at lower concentrations, it leaves EC adhesion unaffected, although inhibiting Tat/␣ v ␤ 3 -dependent proangiogenic activation of Tat-adherent ECs. Taken together, these data suggest that the complete removal of ␣ v ␤ 3 -associated NeuAc prevents the binding of the integrin to Tat and the consequent EC adhesion. Instead, a partial removal of NeuAc residues allows an "unproductive" Tat/␣ v ␤ 3 interaction enough for cell adhesion, but that does not mediate the signal transduction cascade required for EC proangiogenic activation.
By removing NeuAc residues from ␣ v ␤ 3 , neuraminidase causes a decrease of the affinity of ␣ v ␤ 3 /Tat interaction and its inhibition (Fig. 2) . Accordingly, by binding NeuAc residues of ␣ v ␤ 3 , MAA causes the same effects, also if at a lesser extent. The inhibition exerted by neuraminidase and MAA on ␣ v ␤ 3 /Tat interaction is mirrored by their capacity to inhibit several ␣ v ␤ 3 -dependent biological activities of Tat, connecting the two processes. In effect, MAA shares with neuraminidase the capacity to differently affect Tat/␣ v ␤ 3 interaction and consequent biological activities in a concentration-dependent way. At higher concentrations (125-250 nM), it directly inhibits ␣ v ␤ 3 -mediated EC adhesion to Tat, whereas at a lower concentration (less than 62 nM), it leaves cell adhesion unaffected, although inhibiting the ␣ v ␤ 3 -dependent signal transduction and proangiogenic activation of Tat-adherent ECs. Interestingly, MAA scarcely affects ␣ v ␤ 3 interaction with (and EC adhesion to) GST-Tat R3 A (in which the intact RGD motif mediates integrin interaction and EC adhesion), whereas it exerts a stronger inhibition on GST-Tat 1e that, lacking the RGD motif, binds to integrin and mediates EC adhesion via its basic domain. These findings, together with the notion that ␣ v ␤ 3 interaction occurs via both the RGD motif and the basic domain of Tat (25) (Fig.  2B) , suggest that at appropriate concentrations, MAA succeeds in inhibiting the interaction of the basic domain of Tat with NeuAc residues of ␣ v ␤ 3 , leaving unaffected the RGD-dependent ␣ v ␤ 3 /Tat interaction. This generates an unproductive Tat/ ␣ v ␤ 3 interaction enough to promote cell adhesion but not adequate to trigger signal transduction and hence EC proangiogenic activation.
Besides integrin ␣ v ␤ 3 , a wide variety of cell surface sialoglycoproteins can be affected by neuraminidase and MAA, possibly impacting the phenomena reported here. Although we cannot completely rule out this possibility, it is, however, relevant to point out that neuraminidase does not significantly affect (or even increase) Tat-driven phosphorylation of VEGFR2, a tyrosine kinase receptor that bears NeuAc residues (39) and whose activation is required for Tat proangiogenic activity (38) . Curiously, the proangiogenic fibroblast growth factor (FGF) receptor-1 also possesses NeuAc-bearing glycans whose removal leads to an increased capacity to bind its ligand FGF2 (48) . Also, hypo-or desialylation of ␣ 5 ␤ 1 integrin increases its affinity for the natural ligand FN (49) . Relevant to this point, FN acts as a proangiogenic factor (50) , and ␣ 5 ␤ 1 can act as a Tat receptor on ECs (26) . Taken together, these results indicate that although neuraminidase and MAA can act on sialoglycoproteins different from ␣ v ␤ 3 , the overall inhibitory effect exerted on the Tat proangiogenic potential depends on their action on NeuAc linked to ␣ v ␤ 3 .
The results presented in this work open new fields of research, some of which have been totally unexplored so far. First, mammals have four types of endogenous sialidases, among which the plasma membrane-associated sialidase NEU3 and the secreted form of NEU2 (51) could be involved in the fine-tuning of the acidic sugar on the cell surface. On the other hand, sialidases are expressed by ECs (52), and neutrophil-derived endogenous sialidase(s) have already been demonstrated to induce desialylation of the EC surface with implications in the process of inflammation (53) . Taken together, these observations point to a possible role of neuraminidases as regulators of the process of neovascularization. Second, besides Tat, VEGF (54) and FGF2 (14, 15 ) also bind to integrins and to NeuAc-bearing gangliosides (55) , suggesting a broader involvement of integrin-associated NeuAc in angiogenesis. Third, sialyltransferases are a family of enzymes located in the Golgi apparatus that mediate sialylation of various glycoconjugates (56) including integrins (46) . Also, they are expressed by ECs (57) . Thus, besides neuraminidases, sialyltransferases may also be involved in the regulation of angiogenesis. Fourth, integrin ␣ v ␤ 3 is a target for antitumor therapies based on antibodies or RGD-based compounds that prevent the interaction of the integrin with its proangiogenic ligands (58) . The ␣ v ␤ 3 antagonist activity of MAA points to NeuAc-binding lectins as templates for the design of novel integrin antagonists endowed with antiangiogenic potential. Fifth, in the field of virology, integrins act as entry receptors for several viruses (59) , suggesting the possibility of blocking viral infection by means of NeuAc-binding lectin-like compounds or by NeuAc analogues. Relevant to this point, the NeuAc derivative NMSO3 has been demonstrated to exert a potent inhibition against HIV-1 (42).
In conclusion, the results presented in this study open up the possibility that modulation of integrin glycosylation could be a promising strategy for regulating angiogenesis and viral infection.
